ABSTRACT Due to the advantages of high energy density, no memory effect, and long cycle life, Li-ion batteries are being widely studied and proverbially used as power sources for electric vehicles. The performance of Li-ion battery systems is largely dependent on the thermal conditions and the temperature gradient uniformity inside. In order to tackle with the inconsistency problems of temperature distribution among battery cells in a battery pack, a thermal model for a cylindrical battery based on the finite-element method was developed. Physical structure and electrochemical reactions were both considered, and the initial conditions, boundary conditions, and thermal characteristic parameters of the battery components were determined through theoretical calculation and experiments. The discharge thermal characteristics were further investigated. In addition, the experiments were conducted to verify the accuracy of the presented model. Comparing the theoretical analysis with experimental results, it shows that the relative errors between the simulation and the tests are small at varied ambient temperatures and discharge rates. Therefore, the model can be efficiently applied to predicting the thermal behaviors of Li-ion batteries in practical applications.
By virtue of high volumetric and gravimetric energy densities along with no memory effect and long cycle life, Li-ion batteries are being intensively studied and extensively used as power sources for electric vehicle (EV) applications [1] . However, the Li-ion battery performance is highly sensitive to the operational temperature [1] , [2] . For example, Li-ion batteries often suffer severe power loss under temperatures below zero degrees Celsius, and face the increased risk of thermal runaway at extremely high temperatures [3] [4] [5] . Thus, a thermal management system is necessarily required to control the system temperature within a permitted range, and maintain the temperature uniformity throughout the overall system. To this end, an enabling thermal model is badly needed to fully understand the thermal characteristic of Li-ion batteries, and accurately predict their thermal behavior under different convection conditions [6] .
In general, a particular model should be developed for a specific system since different types of batteries often have distinct thermal characteristics [7] . Various studies have been conducted to build efficient thermal models for both battery cells and packs [8] [9] [10] [11] [12] . They can be generally categorized into two groups, i.e. first-principle based model and empirical based model, mainly according to the heat generation rate (HGR) calculation methods. First-principle based thermal models are derived by taking the universal electrode reaction mechanisms and the spatial variation of parameters into consideration. They are intrinsically well-suited to form general electrochemical-thermal models for further enhancing modeling accuracy with regards to both electrical and thermal behaviors. In this regard, Bernardi et al. presented a pioneering work by introducing a general energy balance for battery thermal modeling, in which a uniform temperature throughout the cell is assumed [13] . Doyle et al. proposed an isothermal model for the lithium/polymer/insertion cell under the isotropic condition [14] . Pals and Newman analyzed the effect of temperature on battery discharge behavior and heat generation rate, and developed a one-cell model and a cell-stack model by incorporating the general energy balance into the Doyle's model [15] , [16] . Chen et al. built a mathematical model to examine the effects of battery design parameters and operating conditions on temperature rise profile during normal battery operation [17] , and improved the temperature distribution within cell stacks through cell and stack structure optimization [18] . Gu and Wang presented an electrochemical-thermal coupled modeling approach to simultaneously predict electrochemical and thermal behaviors of batteries. A general form of battery thermal models was derived based on first principles using the volume-average technique [19] . Zou et al. further proposed a framework for simplification of PDE-based Lithium-ion battery models, which accounted for the electrochemical, thermal, electrical and aging dynamics at the same time [20] . A systematic approach based on singular perturbations and averaging was used to simplify the dynamics through identification of disparate time scales inherent in the problem. In general, initially developed under the isothermal and entropic assumption, first-principle based models have evolved to account for localized thermodynamics and couple with high-fidelity electrochemical models for further improving modeling accuracy. They are helpful in understanding the battery operation, but unavoidably suffer from extreme complexity, which hinders their applicability in realistic battery management systems (BMSs). Moreover, the exact solution of the coupled mass and heat transfer equations may be unattainable due to the computational complexity. Considerable efforts have been directed to model simplification while retaining modeling capability. To avoid the high computational burden in solving the highly coupled partial differential equations involved with first-principle models, empirical based models have been widely researched. For example, Al Hallaj et al. presented a one-dimensional model with lumped parameters to simulate the thermal behavior of Li-ion batteries. These model parameters were extracted by fitting the experimental data collected from a Sony (US18650) cell [21] . Li et al. established a two-dimensional computational fluid dynamics (CFD) model to emulate the thermal management issues of a battery pack cooled by air, where systematical tests were performed to validate the proposed CFD model [22] . Similarly, Cicconi et al. built a 3D model for analyzing the thermal behavior of a Li-ion battery, which was experimentally validated under a standard ECE-15 cycle. This cell model was then leveraged as the boundary condition in the CFD model of a battery pack to evaluate the cooling effect [23] . The empirical based models have developed from cell models to module and pack models that consider all aspects that have impacts on thermal characteristic of the whole system. However, the existing empirical based models either lack experimental validation under varied test conditions (e.g. temperature and/or charging/discharging rate) or need theoretical analysis on involved electrochemical reactions.
In order to overcome the above-mentioned drawbacks, this paper presents a thermal model for a cylindrical Li-ion battery based on the finite element method. Firstly, a model with a simplification method as well as the thermal characteristic is analyzed. Then, the thermal property parameters and the boundary conditions are given based on theoretical analysis and experiments. Finally, the model accuracy under different ambient temperatures and discharge rates is validated through the experiments.
The remainder of this paper is arranged as follows: The finite element model of Li-ion batteries is introduced in Section II. The proposed model is validated through experimental tests in Section III, followed by the key conclusions summarized in Section IV.
II. FINITE ELEMENT MODELLING
A cylindrical battery with a capacity of 2.7Ah is considered in this study, and the detailed structure is illustrated in Fig. 1 . It consists of a wound jelly-roll with a metallic can, where the positive and negative current collectors are welded on both sides. The jelly-roll structurally comprises of sheets of electrodes, current collectors and separators. It is worth noted that the positive terminal is made of aluminum, and the positive and negative electrode collectors are made from aluminum and copper, respectively. The used materials and their parameters are shown in Table 1 . 
A. HEAT TRANSFER MECHANISM
The thermal equilibrium of a Li-ion battery can be represented by
(1)
where Q P is the generated heat, Q e is the exchanged heat between the battery and its ambient environment, and Q a is the accumulated heat, which can be deduced by temperature variation.
The heat exchange between the battery and its ambient environment is achieved mainly through three heat transfer types, i.e., radiation, conduction and convection. Compared with the conduction, the heat transferred through radiation and convection is relatively minor, and thus can be reasonably ignored. Thereby, the heat balance equation can be further simplified as
The left side stands for the increment of the thermodynamic energy of each element. The first term in the right side is the energy increment through conduction, and the second term is the battery heat generation rate. ρ k , C p,k and λ k represent the density, specific heat and thermal conductivity of each battery element, respectively, and q is a cumulative value of different heat generation rates. In order to further simplify the calculation of the battery temperature field, several assumptions are made here:
(1) The thermal conductivity of each material is the same in one direction.
(2) The specific heat and thermal conductivity of each material are not affected by the temperature gradient.
(3) During charging/discharging, the current density is uniform, and its heat generation rate is consistent.
Based on these assumptions, a battery 3-D heat transfer equation under the Cartesian coordinate is derived as Eq. (3), which lays the foundation for calculating the battery temperature field.
where T , ρ and C p are the temperature, average density, specific heat of the battery. k x , k y and k z represent the thermal conductivity of the battery in coordinate X , Y and Z , and q is the heat generation rate.
B. Li-ION BATTERY FINITE ELEMENT MODEL
The issues and challenges of rechargeable Li-ion batteries were discussed in depth, and the structure of a typical cylindrical battery was also introduced in [24] . The battery structure is rather complicated. If the finite element model were directly used to describe the 3-D battery heat transfer, a huge number of elements would be required, which incurs unacceptable computational requirements as a result. This prevents the model from implementation in the real-world applications. Therefore, it is necessary to simplify the battery structure for the sake of computational efficiency. In this study, the electrode sheets and separators are considered as core elements in the simplified 3D model. The other components, such as electrolyte, insulators, etc., are omitted due to their minor effect on the battery thermal behavior. The simplified thermal model is shown in Fig. 2 . A finite element model of the cylinder Li-ion battery is established in the software ANSYS, in which unit PLAN55 is selected to generate 47650 elements by the optimal grid division program as shown in Fig. 2 .
C. INITIAL AND BOUNDARY CONDITIONS OF THE FINITE ELEMENT MODEL
The main challenge in the battery temperature field calculation is to solve the heat conduction equation, i. e., Eq. (3). To this end, it is essential to obtain the accurate parameters (λ, C p , ρ, q), and confirm the initial and boundary conditions.
1) HEAT PHYSICAL PARAMETERS a: AVERAGE DENSITY
The weight M b and volume V b of the whole cell core can be obtained through measurement, and then the average density can be further derived by
where ρ is the density of the cell core, m i and v i are the weight and volume of each cell core element, respectively.
b: SPECIFIC HEAT
The specific heat can be obtained either by experimentation or by theoretical calculation. In experiments, the heat generation can be accurately measured, and then the specific heat can be calculated by incorporating the measured temperature variation and the battery weight. This method requires the use of adiabatic calorimeter to ensure the precision of heat generation measurement. The theoretical method for the specific heat calculation is based on in Eq. (5), which calculates the weighted value of specific heat in all parts of the cell core.
where M b is the weight of the cell core, m i , C i , V i are the weight, specific heat, volume of the used material, respectively. In this study, the theoretical calculation is selected to provide the specific heat.
c: HEAT TRANSFER RATE
It is usually assumed that the heat transfer process is isotropic, which conflicts with the reality that the heat transfer rate is orthotropic as indicated in [21] and [25] . From the observation of the battery structure, it is evident that the heat transfer rate of the cylinder Li-ion battery is uniform in the radial direction, but inconsistent in the axial direction. The radial heat transfer rate can be acquired by serial resistance methods, and the axial one can be obtained by parallel resistance methods, which are shown in Eq. (6) and Eq. (7), respectively.
where λ x , λ y and λ z are the heat transfer rate in three directions of the rectangular coordinates, and λ p , λ n and λ s are the heat transfer rate of the positive electrode, negative electrode sheet and separator, δ p , δ n and δ s are the volume ratio of the positive electrode sheet, negative electrode sheet and separator, respectively. In order to further improve the accuracy of the simulated heat transfer rate, the effect of the electrolyte is considered here. The heat transfer rate of each part can be corrected through Eq. (8) .
where ε is the porosity of the battery, λ f is the heat transfer rate of the electrolyte, λ m is the heat transfer rate of the porous material without electrolyte, and λ i is the corrected heat transfer rate of the porous material. The original and corrected parameters of the battery components are listed in Table 2 . According to the above analysis and the known parameters, the calculated results of battery heat physical parameters are derived and listed in Table 3 .
2) CELL HEAT GENERATION RATE
The generated heat in batteries can be assorted into two categories: the polarized heat and the chemical reaction heat. The amount of polarized heat mainly depends on the internal resistance, while the chemical reactions can be exothermic or endothermic. Compared with the polarized heat, the chemical reaction heat is limited, especially at high charge/discharge rates.
(1) The heat generation rate of the cell core can be calculated based on the Bernardi heat generation model shown as
where V b is the cell volume, I is the charge/discharge current, T is the temperature, R is the battery internal impedance, and dU 0 /dT is the coefficient of open-circuit voltage varying with temperature.
(2) The positive and negative terminals can be regarded as the resistance loads, and the heat generation rate can be calculated by
where I is the working current flowing through the terminals, R m is the resistance of the positive/negative terminal, which can be obtained by direct measurement, and V m is the corresponding volume of the positive/negative terminal. The heat generation rates of each component are calculated under various temperatures and charge/discharge rates. The results are shown in Table 4 . ·K) under forced convection [26] . The heat transfer boundary conditions are assumed under the forced convection in this study.
III. MODEL VALIDATION
In order to verify the accuracy of the presented model, experimental tests were conducted in our laboratory. The datasets were attained for model characterization and comparison by a well-established battery test system. It comprises of a battery cycler, a thermal chamber, a host computer, the tested Li-ion batteries and an infrared imaging device. The battery cycler is used to charge or discharge the batteries in accordance with pre-defined loading profiles. It has the capability of recording various parameters, including terminal voltage, loading current and accumulated capacity. The accuracy of the voltage and current measurement is up to 1 mV and 1 mA, respectively. The infrared imaging device was used to measure the surface temperature of the battery. Several thermocouples were installed on the battery surface to measure the local temperature of the battery as shown in Fig.3 . Their detailed specifications are listed in Table 5 . The sensor glues make the temperature sensors more tightly attached on the battery surface. These glues have no obvious impacts on the local temperature nearby as seen from the infrared imaging in Fig. 4(b) . To verify the model prediction accuracy, the errors between the simulation and measured values, and the relative errors are calculated
where is the error between the simulated and measured values, T s is the simulated temperature, T t is the test temperature, T 0 is the ambient temperature and ξ is the relative error. 
A. TEMPERATURE DISTRIBUTION UNDER NORMAL TEMPERATURE
The ambient temperature was assumed as 25 • C. The simulated and measured temperature distribution at the end of the 3C-rate discharge process are shown in Fig. 4 . It can be seen that the temperature distribution between the simulation and test is similar, and the temperature decreases gradually from the positive terminal to the negative terminal along the axial direction.
The temperature discrepancies at different locations between the simulation and the test are shown in Fig. 5 . The chosen locations are the positive terminal, the point 2 showed in Fig. 3 and the negative terminal. The data at t = 1200s and 25 • C is shown in Table 6 . It can be seen that the tendencies of temperature variations of the simulation and the test are the same, and the corresponding values are similar. The maximum relative deviation is 1.7( • C) with a maximum relative error of 11.56%.
B. DISTRIBUTION UNDER LOW TEMPERATURE
It is assumed that the low temperature is −10 • C, and the discharge rate is 3C. The simulated surface temperature distribution at t = 1200s is shown in Fig. 6 . The maximum temperature is 12.1 • C on the positive terminal. The temperature decreases along the axial direction, which is consistent with the test result. The minimum temperature of the negative terminal is 6 • C. The simulated internal temperature distribution of the battery is shown in Fig. 6 . The heat generation rate of the cell core (93585W/m 3 ) is obviously higher than that of the positive and negative poles (1135.71 W/m 3 and 6616.112 W/m 3 respectively), which implies that the highest temperature lies in the center of the battery. Furthermore, the heat transfer ratio of the positive pole (238 W/m K) is much higher than that of the negative pole (10W/m K). The heat transfers to the positive terminal with small thermal resistance, resulting in high temperature on the positive terminal.
The temperature variations of the special points are shown in Fig. 7 . The comparable data at t = 1200s and −10 • C are shown in Table 7 . It can be found that the trend of temperature variations of the simulation and the test is similar. The maximum relative deviation is 1.9 • C with a maximum relative error of 10.79%. Comparing Fig. 5 with Fig. 7 , it is clear that the model error at 25 • C is big, but small at −10 • C. This is because high ambient temperatures promote the reactive rate of the active materials, and exacerbate the intensity of the electrochemical reaction. 
C. DISTRIBUTION UNDER DIFFERENT DISCHARGE RATES
The discharging simulation and experiment are both carried out at 25 • C and 1C discharge rate. The results are compared with that in the case of 25 • C and 3C. The internal temperature distribution for 1C and 3C discharge rates are shown in Fig. 8 . It can be seen that the battery temperature is higher at 3C rate discharge than that in 1C rate discharge, which accounts for the obvious increase of the calorific value in heavy load discharge. The highest temperature areas locate in the core zone in both cases, which reach 39 • C and 44.2 • C, respectively. However, the temperature variations throughout the battery in both cases are almost the same, which means that the discharge current has little effects on the temperature variation of the entire battery. Fig. 9 shows that the temperature of the positive and negative terminals varies with time at 25 • C and 1C, 3C in VOLUME 5, 2017 simulation and test. It is clearly seen that the temperature trend of the battery specific points is the same on different discharge rates. The value of simulation is close to that of the test at low discharge rates. If the discharge rate is higher, more heat would be generated in a short time, which makes the transfer process more anabatic. This may lead to the above mentioned assumptions invalid.
D. ANALYSIS OF THE RESULTS
The errors between simulated and measured values are around 10% at different ambient temperatures and discharge rates, with a maximum value of 11.56%. This means a good agreement between the simulation and experimental results. However, there is also an unavoidable discrepancy, which may be ascribed to the following reasons:
(1) Measurement error: the employed infrared imaging device is more capable of measuring the relative temperature rather than the absolute temperature. Despite the thermocouples with high precision have been deployed to compensate for the measurement error, their measurement accuracy is still highly sensitive to the ambient temperature and the contact conditions between the battery surface and the thermocouples.
(2) The surface heat transfer coefficient was assumed to be 10 W/(m 2 K) under the forced convection in simulation. Taking the ventilation environment of the thermal tank into account, the surface heat transfer coefficient may differ at different parts of the battery.
(3) The presented finite element model was built based on several assumptions, and some internal chemical reactions were ignored. The temperature variations are idealized and averaged, which results in symmetrical temperature gradient inside the battery.
(4) Radiant heat loss was ignored in simulation so that the simulation results are always higher than that of the experiments. The data shows that the temperature in simulation is always 1∼ 2 • C higher than that in the experiments.
IV. CONCLUSIONS
In order to predict the thermal behavior of a cylindrical Li-ion battery, an enabling thermal model has been proposed based on the finite element method in this paper. Several simplification assumptions are made in order to reduce the model complexity, and thus enhance the computation efficiency. The boundary conditions and the thermal parameters of the battery components are determined through theoretical analysis or experiments. Finally, the accuracy of the presented thermal model is validated through experimentation. The results show that the errors between simulated and measured values are around 10% at different ambient temperatures and discharge rates. The presented model can be embedded into battery management systems, and used to simulate the battery temperature distribution. He is currently a Professor with the Beijing Institute of Technology, and the Associate Director of the Collaborative Innovation Center for Electric Vehicles in Beijing and the National Engineering Laboratory for Electric Vehicles. His current research interests include pure electric vehicle integration, packaging and energy management of battery system, and charging station design.
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